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ABSTRACT 
The rapid fluctuation in oil prices and increased demand of clean fuels to reduce 
emissions has forced the researchers to find alternative fuels that can give the same 
or better overall fuel characteristics. This thesis aims at looking into the prospects of 
Gas to Liquid (GTL) fuel as an alternative fuel for Internal Combustion Engines (ICEs), 
by investigating the flame speed of GTL fuel and its 50/50 (by volume) blend with 
conventional diesel. The tests were conducted in a newly designed state of the art 
cylindrical bomb test rig capable of measuring laminar flame speed at different 
initial temperatures and equivalence ratios, employing pressure signal for measuring 
flame speeds. 
The bomb measurements for conventional diesel were found in an excellent 
agreement (error of 1.5%) when compared with the literature. The GTL and its 50/50 
blend were investigated for their laminar flame speeds, along with the effect of 
changing the equivalence ratio and initial temperature on the flame speed. 
It was found that the pure GTL has highest flame speed (SN=88.3 cm/s) as compared 
to conventional diesel, near and at stoichiometric mixtures (Φ=1.1), which was 5 
cm/s more than conventional diesel. At lean and rich mixtures, the flame speed of 
GTL get slightly lower than conventional diesel. The 50/50 blend gave a lower flame 
speed at lean and rich mixture conditions as compared to the rest of the fuels. The 
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flame speed of 50/50 blend was almost the same as that of pure conventional diesel 
at stoichiometric conditions. The flame speed of all three tested fuels was increasing 
with the increase of initial temperature of the mixture, which also confirms with the 
literature. It was concluded that the GTL fuel is good if the application requires 
higher flame speed near the stoichiometric conditions. If the application requires 
conserving conventional diesel and using alternative fuel, 50/50 blend of 
conventional diesel and GTL shall give the exact flame speeds. 
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CHAPTER 1. INTRODUCTION 
This chapter of the thesis starts by giving the background and justification for the 
suggested thesis topic. The current trends and need for this study is given, 
highlighting the role of Qatar in the GTL industry and its research. Lastly, based on 
the given justification, project aim and objectives were given. 
1.1 Background and Justification 
1.1.1 Need for Alternative Fuels 
In 1973, the oil crisis resulting in very high prices of crude oil as well as lack of 
supply, forced many countries to look for alternative fuels for replacing the 
conventional fuels at use during that time [1]. A safer approach applied at that time 
was to search for alternative fuels that can be used either purely or in blended form 
with the conventional fuel. This, of course, will be to reduce the demand of 
conventional fuel and at the same time, increase the performance characteristics 
and reduce emissions of the combustion in engines and gas turbines.  
Also, in the past 20 years, there has been a great deal of research and measures 
taken to minimize the environmental damages done by human due to industrial 
development. One such area, which needs attention, is the phenomena of global 
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warming. Human activities like excessive use of non-renewable sources, stack waste 
and ICE emissions can promote global warming and accelerate the climate change in 
a destructive way and there is a need to control it [2]. The tough legislations in 
European Union and USA to reduce emissions have pushed the different industries 
to look into alternative fuels with less emissions. 
1.1.2 Environment and Role of Qatar 
Qatar has experienced a phenomenal growth in industry, especially related to Oil 
and Gas. This rapid growth instills a great responsibility on Qatar to protect the 
environment at any scale. According to Qatar National Vision 2030: 
“The State shall preserve the environment and its natural balance in order to 
achieve comprehensive and sustainable development for all generations” [3] 
In the Qatar National Vision 2030, environmental development has been considered 
one of four major pillars on which the future of Qatar will be based. Also the need to 
address the global environmental issues of global warming has been directly 
highlighted in the 2030 vision. Qatar is one of the largest producers of Natural Gas 
and CO2 is one of the byproducts of this process. According to Whitson and Kuntadi 
[4], the annual production of CO2 in Qatar is 2.54 million metric tons. Along with 
this, there is significant amount of CO2 being produced in burning of fossil fuel and 
coal for the production of electricity, cement production and many other industrial 
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processes. 
There is a great potential of global warming in Qatar and therefore this issue needs 
to be addressed by all the industries as well as the government of Qatar. Also, there 
is a need to look into cleaner alternative fuels with reduced emissions to minimize 
the environmental damage by global warming. 
1.1.3 GTL as Alternative Fuel 
This demand for alternative fuels requires from the researchers to thoroughly 
investigate the combustion properties of the alternative fuels in comparison with 
the existing conventional fuels. One such alternative fuel that has gained much 
interest recently is the Gas-To-Liquid (GTL) products. 
A very recent detailed review paper published by Sajjad et. al. [5], conducts a 
detailed analysis of GTL fuel blends with conventional diesel by studying the fuel 
characteristics, combustion behavior, its effect on engine performance and 
emissions. The paper concludes by reviewing various studies of GTL fuel blends that 
the GTL fuel can be safely regarded as a cleaner fuel with much reduced emission 
and greenhouse effect. Also, the same research established that the power of an 
engine using conventional diesel increase about 1% to 5% when used with GTL.  
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1.1.4 GTL and Role of Qatar 
Qatar is one of the primary producer and exporter of GTL products. In 2006, the 
Government of the State of Qatar approved the project plan of the largest GTL plant 
of the world, Pearl GTL. By 2011, Qatar had two GTL plants developed and ready for 
production.  
Table 1 shows the contribution of Qatar in the production of GTL products and it can 
be seen clearly that Qatar is by far, the largest producer of GTL products. 
Table 1 - Worldwide production of GTL products [6] 
 
It can be said roughly that Qatar is producing 175,000 barrels per day of GTL, which 
constitutes as the highest production capacity of GTL in the world. The GTL fuel has 
not yet replaced the conventional fuels fully but they are currently in use in blended 
forms. This instills a responsibility on the researchers in Qatar to find out the 
optimum conditions and characteristics of GTL blended fuels, and to examine their 
suitability for using in ICEs. The demand of Oil and Gas industry in Qatar is also 
increasing every day and it is bounded by internationals regulation for clean 
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environmental and emissions controls. GTL fuels and their blends can provide the 
solution to this problem for the local and international Oil and Gas markets, as well 
as the energy sector. 
1.1.5 Scope of Present Work 
Now in the present work, the fundamental combustion characteristics of GTL 
product blends will be studied, as the said have not been investigated thoroughly 
and there is a huge gap in the study. Especially the blends of conventional diesel 
with GTL close to none reported characteristics study. There is a need of conducting 
proper study for blended fuels employing GTL that could reveal the atomization 
behavior in various environments, behaviors of different mixtures of blends, 
emissions behaviors and combustion characteristics. One such fundamental 
combustion characteristic is the laminar flame speed of the fuel, which is very 
important in predicting the performance of fuel in a Gas Turbine or and Internal 
Combustion Engine (ICE). The flame speed depends on many parameters including 
the fuel composition. A research done previously by Ibrahim and Ahmed [7], 
concluded that the flame speed of the blended mixture of two fuels is higher than 
their individual flame speeds at same test conditions. Therefore, there is a need to 
investigate the flame speed behavior of GTL fuel blended with conventional fuel. 
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1.2 Project Aim and Objectives 
Based on the background given in the previous section, the aim of this project is: 
To design, manufacture and run an experimental facility for the measurement of 
laminar flame speed of liquid fuel blends under different initial temperatures and 
equivalence ratios in a specially designed state of the art cylindrical bomb test rig. 
The major objectives of this project are given as follows: 
 Designing and fabricating a test rig suitable for running the flame speed 
measurement experiments 
 Benchmarking the flame speed measurements of conventional diesel for 
determining the reliability and accuracy of the designed setup 
 Measuring the flame speed of GTL and its 50/50 (by volume) blend with 
conventional diesel 
 Finding out the effect of changing in equivalence ratios and initial 
temperatures on the flame speeds of tested fuels 
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1.3 Project Methodology 
The objectives of this project are to be achieved by following the project 
methodology shown in Figure 1. 
 
Figure 1 - Project methodology flow chart 
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The details of the stages of the project show in the methodology flow chart are 
briefly summarized as follows. 
 Conduct a thorough literature review on the topic of flame speed and 
previous experimental investigations that had been used to measure it 
 Design and fabricate the required test rig suitable for running the flame 
speed measurement experiments, which includes arranging all materials for 
the fabrication of test rig and selecting appropriate instrumentation and 
measuring devices 
 Cover all the safety issues and risk factors associated with the setup 
 Running the test runs and ensure proper functioning of all components and 
making modifications in the test rig design and settings to achieve desired 
results 
 Benchmarking the flame speed measurements of conventional diesel for 
determining the reliability and accuracy of the designed setup 
 Finding the flame speed of GTL and its blend with conventional diesel at 
different equivalence ratios and initial temperatures 
 Analyzing the results obtained from experiments, compare it with the 
previous work in literature and discuss the new trends observed 
 Project dissemination 
The next chapter will discuss the literature review done for this thesis.  
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CHAPTER 2. LITERATURE REVIEW 
This chapter of the thesis will discuss the detailed literature review about the topic 
suggested in the introduction. The review starts by giving some information about 
the GTL fuel in detail along with the previous research done on it. Next, the flame 
speed and different experimental setups for its measurement is discussed. The 
selected experimental method for this project is studied in depth highlighting the 
previous research done using that method, along with a brief discussion on their 
results. After each reviewed investigation, a research gap is identified in its 
concluding remarks. 
2.1 Gas-To-Liquid (GTL) as Alternative Fuel 
2.1.1 Introduction to GTL 
Gas to Liquids (GTL) is a recently developed clean alternative fuel which is named 
after the chemical conversion process. GTL is a technology used to convert a carbon 
containing raw product, to a wide range of synthetic fuels use in different industries 
and applications. The raw product can either be a natural gas, coal, or biomass.  
GTL production is growing and of special interest in regions where gas reserves are 
abundant but the sources are remote or where the excess natural gas is flared into 
the environment. As a consequence of strict regulations imposed on flaring and 
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natural gas venting, the oil producing countries are now looking into further 
development of cleaner GTL fuels. Various companies like Shell, Sasol and Chevron 
are pursuing GTL production technologies and attracting the gas rich countries for 
setting up GTL production plants to overcome fuel shortage, cleaner fuels and less 
environmental pollution. 
2.1.2 GTL Production Process 
The basic technology of the GTL industry dates back to 1923 when two German 
scientists, Franz Fischer and Hans Tropsch, invented a process called Fischer Tropsch 
(FT) that could convert natural gas to a hydrocarbon mixture which could then be 
upgraded into petroleum products. The FT technology provides an alternative to 
traditional crude oil refining, as liquid petroleum products, most notably diesel fuel, 
can be produced from a non-liquid input, natural gas. GTL production chain process 
uses the following three steps process to manufacture its products [8]: 
 Formation of syngas 
 Conversion of syngas by catalytic synthesis 
 Formation of products by cracking 
The overall GTL production process is summarized in Figure 2. 
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Figure 2 - GTL production process [9] 
The first step in the FT process is converting the natural gas (methane) into Syngas, 
which is a mixture of hydrogen, carbon dioxide, and carbon monoxide. The syngas is 
further refined to remove water, carbon dioxide and mainly sulfur which prevents 
the contamination of catalyst. After that, the main process, FT reaction, is carried 
out to combine hydrogen with carbon monoxide to form different liquid 
hydrocarbons. These liquid products are then further processed using different 
refining technologies into products, such as diesel, gasoline, jet fuel, and waxes [9]. 
Table 2 shows the three main GTL products and their properties that are crucial to 
the energy industry. 
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Table 2 - Properties of GTL products [10]  
 
The GTL product focused in this thesis is the GTL-diesel, which is offered as a 
replacement fuel for the conventional diesel. Therefore, a comparison of 
combustion characteristic like laminar flame speed is required for both fuels and 
find out how GTL can be adopted as alternative fuel. 
2.1.3 Previous Research Work on GTL 
Previously, there has been many reviews and research investigations, which focused 
mainly on finding the emissions data and use of GTL fuel in engines as a primary fuel. 
Some studies compared the engine performance parameters and the exhaust 
emissions emitted from CI engines fueled by conventional diesel, GTL, and GTL 
blended with conventional diesel. There is also some work done for studying the 
mixing of bio-diesel and alcohols with GTL to compare the performance and engine 
emissions of engines.  
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Norton et. al. [11] investigated the torque and range for a heavy duty truck diesel 
engine at different speeds and load conditions, using GTL fuel. They reported a 
decreased in torque with GTL as compared to conventional diesel, with average 
range about 3% - 8%. Alleman and McCormick  [12] in a review paper investigated 
the GTL properties and exhaust emissions data. They concluded that there is a 
significant decrease in NOx and PM, by 13% and 26% on average compared to 
conventional diesel. Alleman et. al. [13] also investigated the effect of after 
treatment of exhaust using catalyzed diesel particle filters (CDPF) for engines 
running with GTL fuel. The results showed that without the CDPF, GTL gave reduced 
regulated emissions by 58% for HC, 10% for CO, 8% for NO, and 33% for PM when 
compared with conventional diesel. With the CDPF, the GTL gave even more 
emissions reduction. 
A recent review paper by Sajjad et. al. [5], compared about 150 other works related 
to GTL fuel and its blends with conventional diesel. But all of the previous work is 
focusing on studying the engine performance parameters and emissions data using 
GTL fuel. But there has been no research done for finding the flame speed of GTL 
fuel and its blends with conventional diesel, which is a very important combustion 
characteristic for any fuel. Therefore, there is a need to find out the proper testing 
method and find out the flame speed of GTL fuel blends experimentally. 
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2.2 Flame Speed 
Flame Speed is a very important fundamental characteristic of a fuel mixture that 
can give the information about the atomization, reactivity, diffusivity, and 
exothermicity. The flame speed of a fuel is defined as a physio-chemical constant for 
predetermined combustion mixture of that fuel and air. Flame speed is the speed at 
which a one-dimensional plane flame front travels normal to its surface, relative to 
unburnt mixture [14]. 
The precise determination of flame speed is essential for gas turbine combustors, 
design engines, turbulent combustion simulations and validation of chemical kinetic 
mechanisms. Moreover, the explosion protection systems, military bombs and 
pressure vessel calculations depend on the accurate measurement of flame speed. 
There are two types of flame speeds: laminar and turbulent. The laminar flame 
speed is calculated at steady state, while the turbulent flame speed is calculated 
when there is turbulence in the mixture [15]. 
The laminar flame speed can also be used to model turbulent flame speed when the 
mixture is not steady [16]. A previous research conducted by Klimov [17], studied 
the relation between the laminar and turbulent and gave the following equation: 
𝑆𝑇
𝑆
 ~ [
𝑆𝑁
𝑆
]
0
     Eq. 1 
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Here in equation 1, ST is the turbulent velocity, SN is the laminar velocity. 
2.3 Test Rigs for Flame Speed Measurements 
There have been many experimental test rigs designed and techniques developed 
for the measurement of flame speed of a fuel air mixture. All have different 
advantages and disadvantages. This section of the thesis will discuss some of these 
flame speed measurement setups taken from the previous research work. 
Andrews and Bradly [18], has done a critical review about the effectiveness and 
shortcomings of many of these experimental techniques and test rigs. They have 
divided these test rigs into two types: 
 Constant Pressure 
o Example: Slot Burner Method 
o Example: Bunsen Burner Method 
 Constant Volume  
o Example: Spherical Bomb Method 
o Example: Soap Bubble Method 
This classification is based on the ability of test rig to accommodate various ranges 
of pressure and temperature conditions for the tests. The constant pressure 
methods are conducted mostly at the atmospheric pressure and constant 
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temperature. On the other hand, the constant volume methods can be conducted at 
a variety of initial temperatures and initial pressures [19]. 
In this project, the bomb method is taken as the desired test rig for the 
measurement of GTL fuel blends at various equivalence ratios. The justification for 
this is given in the next section of the thesis. 
2.3.1 Slot Burner Method 
The slot burner method employs a pipe with a rectangular slot cut into it along the 
length of its surface. The air-fuel mixture is made to flow inside the pipe to create a 
flat velocity profile. This causes the flame to exit the slot in a triangular shape, as 
shown in the Figure 3 [20]. 
 
Figure 3 - Slot burner method [20] 
The angle of the flame normal to the slot surface is used to calculate the flame 
speed of the mixture. The formula is given as: 
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𝑆𝑈 = 𝑈 𝑠𝑖𝑛 𝛼     Eq. 2 
Here SU is the flame speed (cm/s), U is the flow of air-fuel mixture (cm/s) and α is 
the oblique angle normal to the gas coming out of slot [21]. 
The disadvantage of this method is that it is very difficult to measure the angle α 
because the flame can get turbulent and disturbed as it moves out of the slot into 
the atmospheric conditions. This can cause the flame to come out in curved fashion 
that will give error in calculating the angle. 
2.3.2 Bunsen Burner Method 
This is the simplest of all the methods for calculating the laminar flame speed. In this 
method, the air-fuel mixture is moved in a vertical pipe at a certain flow rate and the 
mixture is ignited. The surface area of the flame coming out of the top open end of 
the pipe is then divided by the air-fuel mixture burnt per second [22].  
Figure 4 shows a typical Bunsen burner method setup: 
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Figure 4 - Bunsen burner method [22] 
The formula for calculation of flame speed (S) is given as: 
𝑆 =
𝑖𝑛𝑝𝑢𝑡 𝑣𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑓𝑙𝑜𝑟
𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑎𝑚𝑒 𝑎𝑟𝑒𝑎
   Eq. 3 
This is the general concept of this method and there are many techniques for 
performing this experiment; such as angle method with Schlieren cone, particle 
track method, and Frustrum Method. However, Vagelopoulox and Egolfopoulos 
established that there is huge uncertainty as to which technique of Bunsen burner is 
most correct [23]. 
The advantage of this method is that it is fairly simple and easy to setup. But the 
disadvantaged overcome the advantages as this methods is not accurate, don’t have 
significant theoretical reliability, and is not suitable for high speed flames. 
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2.3.3 Tube Propagation Method 
Another method for flame speed measurement is the tube propagation methods. 
Again there could be many setups for this method like vertical tube, horizontal tube 
etc. Almarcha, Denet and Quinard have conducted a similar experiment by using a 
vertical 1.5 m long tube [24]. In this method, a vertical pyrex tube is filled with a 
controlled air-fuel mixture from one side while the other side is kept open. The 
mixture is ignited at one end and snapshots of flame propagation were taken by a 
high speed camera. This setup is shown in Figure 5. 
 
Figure 5 - Tube propagation method [24] 
The flame speed is calculated by the help of frame/sec of the high speed camera. 
Also, the same can be calculated by using two thermocouples or pressure sensors 
installed at a distance that can give an indication of distance cover in certain time. 
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A disadvantage of this method is that the effect of walls cooling of the tube can give 
error in the readings, and only the average flame speed can be measure with this 
method. 
2.3.4 Soap Bubble Method 
The soap bubble method for measurement of flame speed is a relatively simple 
method and the combustion takes place at constant temperature. In this method, a 
soap bubble is formed by blowing the air-fuel mixture into it. This mixture is then 
ignited by using spark circuitry and the flame starts to propagate outwardly in a 
spherical fashion [25]. The soap bubble method is shown in Figure 6. 
 
Figure 6 - Soap bubble method [25] 
All this activity is recorded by using high speed camera and the initial and final 
diameters of the soap bubble are measure to get the flame speed. The following 
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formula is used: 
𝑆𝑈 = (
𝑟1
𝑟2
)
3
𝑆𝑏     Eq. 4 
Here SU is the flame speed (cm/s), SB is the volume flow (cm3/s), and r1 is the initial 
while r2 is the final radius of the soap bubble (cm) [21]. 
A disadvantage of this method is that air-fuel mixture can diffuse with the soap 
bubble and some of the water can get mixed with the initial mixture. To avoid the 
disturbance of flame spherical shape by convection, the flame needs to be at high 
speed. Also, sometimes the flame cannot have the spherical shape and it gets very 
difficult to measure the final diameter of the flame.  
2.3.5 Constant Volume Bomb Method 
The constant volume bomb method works similar to the principles of soap bubble 
method. It can have a spherical bomb or cylindrical bomb construction. In this 
method, a quiescent combustible mixture is injected in the bomb and ignited at the 
center using electrodes. As the flame in progress, the expansion of the burned gases 
in a rigid volume causes both pressure and temperature of the unburned gas to 
increase due to adiabatic compression. A rising pressure rise signal or photography 
of the expanding flame is recorded and analyzed using different calculation models. 
The advantage of this method is that it uses less amount of fuel, and give good 
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control over initial conditions of the mixture. A drawback of this method is the non-
adiabatic conditions at the bomb walls, which can be solved by using a fast data 
aquasition system (DAQ). 
There has been several test rig configurations used in the past for the measurement 
of flame speed by bomb method. Some of these test rigs along with their calculation 
formulas and findings will be discussed in detail in the next section, as it is very 
similar to the method employed in this project. 
2.4 Previous Research Work using Bomb Method 
Previously, a research work had been done by Huzayyin et. al, [26] for the 
measurement of laminar flame speed of LPG-air and Propane-Air mixtures using a 
combustion bomb. They used a closed cylindrical chamber made up of thick steel 
that can hold and internal pressure of up to 90 MPa. The end covers of the cylinder 
has a 30mm diameter quartz glass window as a viewing port. The bomb has many 
ports for injecting air-fuel mixture, gas exhaust, pressure transducer pickup, and 
spark ignition circuit. The following schematic in Figure 7 shows the arrangement of 
this flame speed measurement method. 
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Figure 7 - Spherical bomb method schematic [26] 
As seen in Figure 7, the air-fuel mixture is prepared in a separate mixing tank that 
has an electric motor stirrer for uniform mixing, while the cylindrical bomb is kept at 
a predetermined temperature using external electric heaters. Before injecting the 
fuel, the bomb is scavenged by using a vacuum pump and the vacuum is maintained 
at 2.5 kPa. The mixture is then introduced in the bomb and kept in there for about 3 
minutes to reach a steady state. Then this mixture is ignited by using two stainless 
steel electrodes extended inside the bomb having spark gap of 0.8mm connected to 
the capacitive ignition coil circuit. At the time of combustion, an oscilloscope 
attached with pressure transducer is used to measure the pressure versus time 
signal and this data is then saved in digital form using Data Acquisition System (DAC). 
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This pressure signal is used to calculate the flame speed of the mixture, and there is 
no provision for flame speed imaging. Also, the mixture in this method is prepared 
outside the bomb in a separate mixing tank. The results for this study investigated 
the effect of change in equivalence ration on the flame speed of different mixtures 
of gases. 
Another similar research work, done by Bradley and Mitcheson [27], concluded that 
a universal equation can be used to find the flame speed in relation to pressure 
increase (dP). This equation is given as: 
𝑑𝑃
𝑑𝑡
=
3𝑆𝐿𝜌𝑢
𝑅𝑆𝜌𝑖
(𝑃𝑒 − 𝑃𝑖) [1 − (
𝑃𝑖
𝑃
)
1
𝛾𝑢 {
𝑃𝑒−𝑃
𝑃𝑒
− 𝑃𝑖}]
2
3
         Eq. 5 
Here,  ρu is the density unburnt mixture 
γu is the specific heat ratio of unburned mixture 
P is the pressure at the time of combustion 
Pe is the equilibrium pressure 
Pi is the initial pressure 
A disadvantage of the spherical bomb method mentioned in the literature is that the 
pressure measured by this technique is inconsistent. This problem has been solved 
by using several other numerical models employing pressure data for the calculation 
of flame speed. These models are briefly summarized in Table 3. [28] [29] [30] [31] 
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Table 3 - Numerical models for flame speed 
 
The above mentioned research used all of these models by using Engineering 
Equation Solver (EES) to find the numerical solutions for the measurement of flame 
speed. 
Another research conducted using similar test rig is by Bradley et. al, where they 
used a spherical steel bomb, called Mk2 Combustion Bomb (Figure 8), with 150 mm 
diameter glass windows for measuring the laminar flame characteristics of ethanol 
and air mixtures [32].  
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Figure 8 - Mk2 combustion bomb at University of Leeds 
The same test rig has also previously been used by Bradly et. al., for the 
measurement of flame speed for iso-octane blends [33]. This experiment was 
conducted by heating the bomb to 395 K by a 6000 Watts electric heater. There 
were four electric motor fans installed directly to the bomb for proper mixing of the 
mixture. Also the fans can facilitate the mixture in evaporating completely because 
this will increase the heat transfer from the coils. The amount of ethanol to be 
injected in bomb was calculated by the stoichiometric calculations, because the 
volume of bomb is known. A syringe and needle valve is used to inject the fuel inside 
the bomb. The mixture was ignited by using automotive ignition coil spark system. 
The pressure map was recorded using a pressure transducer and flame images were 
taken by schlieren cine photography. The flame radius obtained from high speed 
imaging were plotted against time to get the flame speed. 
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Figure 9 - Plot of flame speed vs. flame radius [32] 
Figure 9 shows that the flame speed (SN) varies with the radius. This plot shows that 
the variation is quite small. Also the average error in calculating [34] the flame speed 
by this method in Bradly’s experiment was 1.4%. 
Another research work done by Radwan, et. al. [35], used a cylindrical bomb method 
to investigate the laminar flame speed of Jojoba Methyl Ester in comparison with 
conventional diesel. This research is also closely related to present study as it is 
comparing an alternative fuel with conventional diesel. The experimental setup for 
this research is shown in Figure 10. 
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Figure 10 - Cylindrical bomb test rig by Radwan 
This test rig also used a steel bomb construction with a separate mixing tank for the 
mixture preparation. The bomb is equipped with heaters, thermocouples and a 
pressure transducer. There is no optical glass window in this tests rig and the flame 
speed can be calculated by relying on the pressure signal only. The calculation 
model, suggested by Lewis and Von Elbe [36], is used for getting the flame speed 
from the pressure and time data. This is a fairly simple model to calculate the flame 
speed as compared to the more complex models mentioned earlier. 
The results of this experimental work studies the effect of change in equivalence 
ratio and initial temperature on the laminar flame speed of fuels, as shown in Figure 
11. 
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Figure 11 - Results of experimental study by Radwan 
The results for the experimental work by Radwan, et. al., showed that the flame 
speed is low at lean and rich side of the combustion mixture, while it is highest at 
the stoichiometric conditions (i.e. Φ=1.0). Also, the flame speed is found to be 
increasing with the increase in initial temperature of the mixture. The research work 
also compare the effect of initial pressure of the mixture on the flame speed but this 
was not under the scope of the present work. 
All the experimental methods, discussed above were found to be attractive to the 
given objectives of this thesis. Many of the test rig design features mentioned in the 
literature are similar to the proposed test rig. Also, the results obtained in these 
studies are also the desired target results for this study. Therefore, the next section 
will discuss the selected experimental method in detail and various test rig design 
features and modifications are also highlighted.  
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CHAPTER 3. TEST RIG DESIGNING & FABRICATION 
This chapter of the thesis will discuss in detail all the steps involved in the designing 
and fabrication of the selected test rig setup. The chapter starts by explaining the 
key features of the proposed experimental method and setup. The selected design 
went through many design and fabrication modifications before coming in the final 
shape, which is explained in the last section of this chapter. 
3.1 Proposed Experimental Method 
As mentioned in literature review, the proposed experimental method in this project 
is the cylindrical bomb method. The project aims to design, manufacture and run an 
experimental facility for the measurement of laminar and turbulent flame speed of 
liquid fuels under different initial temperatures and equivalence ratios in a specially 
designed state of the art spherical bomb test rig. Studying the designs from the 
previous studies, a schematic layout as shown in Figure 12, of the proposed 
experimental design setup was drawn which includes the key features from various 
experimental setups and is also fulfilling the goals of this project.  
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Figure 12 - Schematic of proposed test rig 
The proposed test rig consists of a cylindrical combustion bomb with four internal 
temperature controlled heating coils. The bomb will be equipped with three 
orthogonal quartz glass windows, three ports, four stirrer fans, two central stainless 
steel electrodes for generating the spark, pressure transducer, lambda (O2) sensor 
and thermocouples. The test rig also includes air supply system, vacuum system, and 
spark ignition system. The pressure transducer will be connected to an oscilloscope 
and a data acquisition system. 
The air compressor will be used to charge a calculated amount of air inside the 
bomb, while the vacuum pump will be used to evacuate the bomb before and after 
experiment. Also, the air-fuel supply line will be wrapped with electric heating wires 
to ensure that no fuel condensation takes place during injection. A four internal 
electric heaters will be used to maintain the temperature inside the bomb, which 
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can be monitored by the K type thermocouples. The four electric fans will be used to 
ensure proper fuel-air mixing and getting a homogenous mixture obtained inside the 
bomb. For laminar flame speed measurements, the fans can be switched-off and the 
mixture can be left for 2-5 minutes to reach equilibrium state. The test rig can also 
be used for turbulent flame speed measurements by adjusting the four fans to the 
desire speed to produce the required turbulent intensity (but this is not in the scope 
of this project). The air-fuel mixture and the equivalence ratio can be confirmed by 
the lambda sensor connected to the bomb.  
After all initial readings, the air-fuel mixture will be ignited by using central 
electrodes which will be connected to spark ignition coil circuit. The pressure rise 
signal after igniting the mixture will be detected by the pressure transducer for 
further analysis to calculate the burning velocity. Also the flame propagation can 
also be recorded by using a high speed camera by capturing the flame front through 
one of the quartz windows. 
The acquired data from pressure sensor, thermocouple, lambda sensor and high 
speed camera can be used to find out the flame speed of the test fuel mixture using 
one of the methods mentioned in the literature review. 
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3.2 Cylindrical Bomb Test Rig Designing and Manufacturing 
This test rig was design and built in two phases. Phase one was the initial design and 
fabrication of test rig based on the proposed system. Phase two was the 
modifications done in the design after finding out certain issues with the proposed 
design. The whole process of designing and fabrication of test rig took around two 
years to complete. The next sections of the thesis briefly highlights phase one of the 
designing and manufacturing steps of the proposed cylindrical bomb test rig. 
3.2.1 Design and Fabrication Process – Phase One 
After thorough research and discussing with industry experts, a cylindrical bomb was 
designed to be made up of a steel shell of 400 mm internal diameter, 5mm thickness 
and a length of 650 mm. The two sides of this shell are closed by flanges bolted onto 
the drum by eight 17 mm hexagonal bolts, as shown in Figure 13. 
 
Figure 13 - Sketch of bomb shell, flanges and windows sketch 
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The above shown sketches were given to a local company, Al-Mannai Corporation, 
for the manufacturing of the bomb. A four leg support stand was also built to hold 
the bomb in desired position, as shown in Figure 14. 
 
Figure 14 - Bomb and stand manufacturing 
Along the circumference of the bomb, three windows were installed that were 150 
mm in diameter each and were equipped with quartz glass for visualization. The 
windows were at 90 degrees angle to each other and can be used to high speed 
imaging and laser techniques. Also, three ½” steel pipes with gate valves were 
welded on the bomb to provide ports for vacuum pump, exhaust and air-fuel 
injection. This is shown in Figure 15. 
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Figure 15 - Windows and ports installation 
In addition, along the center of circumference of bomb, four stirrer motors were 
mounted and a custom made fan was installed on the shaft of the motor inside the 
chamber, as shown in Figure 16. 
 
Figure 16 - Fans design and installation 
The fans were also mounted at 90 degrees angle from each other. Also it was made 
sure that the fans were facing the central point of the bomb where the spark is going 
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to ignite. The blades of the fan were bent at 60 degrees angle to ensure proper 
mixing of the mixture and adequate turbulence intensities. For fan shaft sealing, a 
novel design was introduced as shown in Figure 17. 
 
Figure 17 - Fan shaft sealing design 
The design was tested to ensure that there is no air leakage from the shaft area of 
the fans. The wiring for the fans was done by using two dimmer switches to control 
fans speed. 
After installing the fans, the next step is to install the spark electrodes and spark coil 
system. The two electrodes, 3 mm diameter each, were inserted in the bomb and 
fixed from the side flanges at the center so that the ends of two electrodes meet in 
the center of the bomb in front of the glass window, as shown in Figure 18. 
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Figure 18 - Spark electrode system [34] 
A gap of 2 mm was kept between the electrodes and the ends were sharped down 
to 1 mm to reduce any energy loss from the spark. A 12V DC automotive spark 
ignition coil was also placed with the test rig but was not installed. 
3.2.2 Pending Works on Test Rig for Phase Two 
The following accessories arranged in phase one but not installed: 
o An automotive 12 volts ignition coil circuit and its push button 
o Two 3 mm stainless steel electrodes 
o Heating coils and their thermostat controllers 
o K Type thermocouples 
o Vacuum pump 
o Pressure transducer and Oscilloscope/DAQ 
o Lambda (Oxygen) sensor 
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It can be seen that phase one only cover the test rig manufacturing and 
arrangement of materials. There is still a lot of work needs to be done in order to 
make this test rig fully functional. Therefore, the next section of the thesis will 
discuss further developments and modifications done in phase two. 
3.3 Test Rig Developments and Modifications – Phase Two 
This section of the thesis will discuss the steps involved in further designing, 
developments, improvements and modifications in the test rig received after 
manufacturing in phase one. There have been many trials and errors in the 
development of the test rig. Many challenges were faced in terms of right parts 
selection, insulation material, electrical wiring, heating system and overall safety of 
the test rig. All these design and manufacturing stages will be highlighted in the next 
sections of the thesis. 
3.3.1 Installation of Control Boards and Components 
The combustion bomb used for the purpose of this project has a main switch, 
temperature controllers, switches and other devices that needs to be fixed in one 
place. So, the bomb stand needs to be fixed with a control board. Therefore, two 
control boards were made up of transparent plastic sheets and installed on both 
sides of the test rig support stand, as shown in Figure 19. 
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Figure 19 - Control board components installation 
The following components were installed on the control boards: 
 Two thermostat boxes 
 Two fan switches 
 Main circuit breaker switch 
 Current controller for thermostat  
The next job was the electrical termination of the control board components. For 
this, the main circuit breaker switch was connected with AC mains. From the main 
circuit breaker, the power was given to the two thermostat controls which will be 
connected to the heating coils later on. After the electrical termination, all the 
wiring, connectors, joints and fuses were doubles checked to ensure safety. The 
power was switched on and all the components were tested to have proper working.  
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3.3.2 Spark Coil Ignition System Installation 
The spark coil ignition system was developed in two trials. The first system used a 
12V car battery while the second system used AC mains. The second system was 
found to be more effective after finding out several issues with the DC battery 
system, like; charging of battery and inconsistence spark. Therefore the idea of using 
car battery was dropped and second system was developed that used AC mains for 
current supply. The new spark ignition system consisted of an automotive spark coil, 
high tension cables, capacitor and a dimmer switch, as shown in Figure 20. 
 
Figure 20 - Spark ignition system diagram 
In this system, a 500W dimmer switch was connected to AC mains on one side and 
to a 440V, 3.5µF capacitor on the other side. The positive terminal of ignition coil 
was connected with the capacitor and the negative terminal was grounded and 
connect to neutral. Also, high tension cables were used and attached with the two 
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stainless electrodes with a gap to 2mm in between them. The ignition system 
components installed with the test rig are shown in Figure 21. 
 
Figure 21 - Spark ignition system components 
As seen in the figures, the dimmer switch was attached with a 5m extension cable to 
operate the spark ignition system from a distance. This will ensure added safety for 
the operator. Then a spark generated by this system is shown in Figure 22. 
 
Figure 22 - Spark between two electrodes 
This spark produced is about 20 kV voltage and 200 mA current, which is enough to 
ignite the flammable mixture at any conditions under investigation.  
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3.3.3 Pressure Transducer Components and Installation 
There were two pressure transducers installed on the test rig. This is because the 
first pressure transducer (Omega) got damaged during the experimentation. 
Therefore a new one was ordered that was a different model (PCB) but with similar 
specifications. Both the pressure transducers came with a testing and calibration 
certificates which showed the relationship between the output voltage and 
pressure. These certificated are given in Appendix C. 
First, a proper mounting place has to be decided for the pressure transducer. The 
best installation position was decided to be the center circumference of the test rig. 
In this way, the pressure pick up is closest to the spark origin. After marking the 
mounting location and drilling a hole through it, internal threads were tapped in that 
location using tapping tools. Also, a custom adapter (union) fitting was fabricated at 
the Qatar University mechanical workshop, as shown in Figure 23. 
 
Figure 23 - Taping hole and machined adapter 
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One side of the adapter was bolted on to the test rig, while the other side was 
bolted to the pressure transducer. The pressure transducer was mounted on 
adapter using pipe thread Teflon tape for better sealing, as shown in Figure 24. 
 
Figure 24 - Pressure transducer mounting 
The first pressure transducer selected for this test rig was Omega - Very High 
Accuracy Amplified Voltage Output Transducer. It has 0 to 5 Bar range with 3m 
output Cable. The cable had six colored wires; two wires for Input Excitation which 
was connected with 24V DC power supply; two wires for output voltage which were 
connected to the oscilloscope; and the last two shunt wires for calibration purposes. 
The 24V DC power supply for excitation was arranged from the local market. After 
the connection with power supply and oscilloscope, the pressure transducer was 
taken off from the test rig and manually tested. The signal was received on the 
oscilloscope which indicated proper functioning of the pressure transducer as shown 
in Figure 25. 
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Figure 25 - Omega pressure transducer testing 
The Omega pressure transducer got damaged during the first set of experimental 
runs as the test rig has been transported in and out of the laboratory several times 
for safety requirements at the University. 
The second pressure transducer selected was the Charge Output Pressure Sensor 
(Model 116B03) from PCB Piezotronics, having a range of 7 bar and an operating 
temperature up to 343oC. The output pressure response from this sensor is 10 
pC/psi, which is then converted by an In-Line Charge Converter (Model 422E35) also 
from PCB Piezotronics. The inline charge amplifier converts the signal with a gain of 
0.99 mV/pC. Therefore, the final calibration factor used for converting the 
transducer signal to pressure was 6.238 mV/psi. Figure 26 shows both the pressure 
sensor and the charge converter. 
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Figure 26 - PCB pressure transducer and PCB charge converter 
The PCB sensor was connected to the test rig in the similar way as the Omega sensor 
using a custom adapter fittings. But the connection with the oscilloscope was slightly 
different as shown in Figure 27. 
 
Figure 27 - PCB pressure sensor setup 
In the new setup, there is additional low noise cable between the charge converter 
and the pressure sensor. Also, there is a signal conditioner for reducing the noise in 
the signal. This pressure sensor was also tested manually for its proper working and 
the signal was successfully received at the oscilloscope.  
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The selected oscilloscope for this project was the GW-Instek (Model GDS-3152) 
Digital Storage Oscilloscope with a sampling rate of 150 MHz, as shown in Figure 28. 
 
Figure 28 - GW-Instek oscilloscope 
The oscilloscope has a function to save the screenshots of the plots, as well as the 
sampling data in the form of Excel file, which can be used for further analysis. The 
oscilloscope can also be linked directly to the computer for ease of data retrieval. 
3.3.4 Installation of Heating Coils 
In order for liquid fuel to vaporize in the combustion bomb, the bomb needs to be 
kept at approximately 160oC to 300oC. This ambient temperature is supposed to be 
achieved by installing heating coils inside the bomb for reaching high temperatures 
in less time. Firstly, only two coils were installed but they were found in sufficient for 
reaching desired temperature. Therefore, four 8” diameter surface heating coils in 
circular pattern were arranged with load rating of 220 volts and 2100 Watts each. 
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The two side covers of the bomb were taken removed and the two coils were 
installed on each cover in upright position, as shown in Figure 29. 
 
Figure 29 - Four heating coils 
The two covers were then again assembled with the test rig so that the coils are 
aligned opposite and symmetric to each other. After that, the wiring from the new 
heating coils was done using fire proof cables to ensure safety and the coils were 
tested for proper operation, as shown in Figure 30. 
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Figure 30 - Installation of heating coils 
The main AC power was connected to the temperature controller thermostats to 
ensure that the heating coils automatically turn off after reaching a set temperature 
and maintain the bomb at that temperature. The test rig was made ready for 
maximum temperature test discussed in next chapter of the thesis. The temperature 
reached with the circular heating coils was 300oC in 30 minutes. Also, the 
temperature was allowed to go beyond 300oC and it was found that the test rig was 
capable of reaching up to 400oC. The thermostats were set to limit the max 
temperature to 320oC for safety purposes. 
It is important to highlight some detail about the thermocouple used for measuring 
the temperature, which is the type-K thermocouple. The temperature range was 
from -270 to 1260°C and the melting point was 1400°C. So this was the suitable 
thermocouple for this project as we are not exceeding more than 350oC. The 
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accuracy for this was around ± 2.2C%. In addition, the thermocouple was connected 
with a temperature reader module from Omega having option to display two 
channels as shown in Figure 30 given earlier. If should be noted that the 
thermocouple has been installed on the cylinder wall to measure the temperature as 
close as possible to the ignition location. 
3.3.5 Vacuum Pump and Compressor Installation 
The vacuum pump arranged was Marathon Electric vacuum pump. A hose with 
adapter fitting was assembled with the test rig. Also a flexible wire, terminal 
connector and 3 pin single phase plug were arranged for electrical termination of 
vacuum pump, as shown in Figure 31. 
 
Figure 31 - Vacuum pump connection 
Finally, the vacuum pump was tested by applying suction to the bomb. The pressure 
dropped to 0.8 Bar which indicated proper functioning of the vacuum pump. 
50 
The compressor was also attached with the same outlet of the bomb using another 
type of fitting. The compressor use was a general purpose air compressor already 
available in the laboratory, as shown in Figure 32. 
 
Figure 32 - Air Compressor 
The compressor can be used for flushing the bomb after each experiment, as well as 
charging the bomb with the fresh mixture of fuel and air. Also it can be useful for 
testing the bomb for any leakage. 
3.3.6 Lambda Sensor Installation 
The lambda sensor used for this experiment was the IMR (Model IMR 1000). This 
was a hand held unit capable of measuring O2 percentage (0-21%) with an accuracy 
of +/- 0.2%. It was also capable of measuring several other gases as well as the 
temperature. A 6mm copper tubing along with a gate valve were arranged for 
sampling purposes. On one end, the copper tubing was installed at the center 
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circumference of the bomb in order to get accurate O2 percentage near the spark 
area, while the other end of the copper tubing was connected to the inlet of lambda 
sensor pump, as shown in Figure 33. 
 
Figure 33 - Lambda sensor piping and connection 
The lambda sensor with sampling tube was tested by making a small fire in the test 
rig and checking O2 percentage, which showed correct working. It is important to 
mention here that the sensor gate valve should be closed while operating the 
vacuum pump. Otherwise, it can damage the lambda sensor sampling suction pump. 
3.3.7 Safety Concerns and Modifications to the Test Rig 
After successfully designing the test rig, it was evaluated by the Qatar University 
Safety Department. The following three comments and recommendations were 
received from the safety department: 
 To enclose the test rig in a fixed steel cage enclosure  
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 To install higher capacity exhaust fume hoods in the testing laboratory 
 To replace the quartz glass windows with steel plates 
Therefore, the glass windows were replaced by removable steel plates, which were 
manufactured at the mechanical workshop. A request for installation of exhaust 
fume hoods in testing laboratory was made to the Qatar University Building 
Operations Department, which took around three months to complete. Meanwhile, 
the steel enclosure was also arranged from the QU Facilities Department and 
installed in the laboratory, which also took around 3 weeks to complete. As a result 
of installation of safety enclosure, all the wiring for the operating controls, switches, 
lambda sensor and compressor piping had to be done again, to be extended outside 
the steel enclosure. 
All these modifications were done as a requirement from the Qatar University Safety 
Department, as it was not allowed to run the experiment without addressing the 
concerned comments. Since the aim of this project is to measure flame speed of 
fuels using pressure transducer signals, the glass windows were replaced by steel 
plates which can be replaced by quartz windows whenever the suitable premises is 
available. It may me noted that the project experimental work got delayed by about 
four months in order to address all the safety concerns, and finally getting the 
approval for conducting the experiments. 
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3.4 Final Test Rig Design 
There have been many trials and errors in the development of the test rig. Many 
challenges were faced in terms of right parts selection, insulation material, electrical 
wiring, heating system and overall safety of the test rig. After making several design 
modifications, the current overall situation of the test rig can be seen in Figure 34. 
 
Figure 34 - Final test rig design after modifications 
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The following points summarizes the major developments in the test rig: 
 Control boards installed on both sides of the steel support stand to install the 
fan switches, spark coil, thermostats, and main power switch. 
 The pressure transducer selected for experimentation was PCB Piezotronics 
(Model 116B03) along with PCB 422E35 in-line charge amplifier. The sensors 
were installed after calibration. 
 For heating the bomb, four 8” surface heating elements were installed on 
side covers. The test rig was able to reach up to 400oC. 
 The ignition coil and spark system was designed using a 12V ignition coil, 
capacitor and a dimmer switch connect to AC mains. 
 A lambda sensor was installed for measuring the actual amount of air and 
fuel mixture in bomb at the time of ignition. Copper tubing with a gate valve 
were used for sampling pump connection in the lambda sensor. 
 A safety cabinet and exhaust fume hoods were installed around the test rig 
and all controls wiring was extended wiring to ensure safety. 
 Lastly, the areas with leakages in the test rig were sealed by using high 
temperature silicone, near the gaskets, seals and fittings. This was tested by 
pressurizing the bomb with air and spraying soap solution on certain areas. 
This summarizes the test rig design and development stage. The next section will 
discuss the actual experimentation steps carried out in the developed test rig. 
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CHAPTER 4. EXPERIMENTAL SETUP AND PROCEDURE 
This chapter of the thesis discusses the experimental procedure used for conducting 
the flame speed measurements. The section starts by explaining the test rig 
characterization which includes the initial tests, calibrations and startup checks 
before conducting the actual experiment. There have been several trials and error 
before coming up with the final procedure for getting successful ignition and 
combustion of mixture. The last section of this chapter also briefly highlights the 
flame visualization capability of the test rig, which serves as a validation for proper 
mixing, combustion and flame propagation inside the bomb. 
4.1 Test Rig Characterization 
The test rig characterization step involves finding out and testing different 
specifications of test rig to account for any errors in the measurements. Since, there 
were many measuring instruments used in this experiment and all of them have 
certain degree of accuracy. The individual error in the reading of measuring 
instruments has been accounted for in the experimental calculations. Also, the test 
rig has a certain degree of error in holding the air pressure, which is also discussed in 
the pressure leakage testing. The overall efficiency of the bomb to measure the 
flame speed accurately is affected by all these parameters. Therefore, the individual 
steps involved in the characterization are discussed next.  
56 
4.1.1 Calibration of Thermocouple 
The first step before continuing further is to calibrate the K-Type thermocouple 
mounted on the bomb for temperature measurement. This task was done by using a 
precision heating gun with a temperature indicator as shown in Figure 35. 
 
Figure 35 - Thermocouple Calibration 
The thermocouple reading was also compared with a pre-calibrated thermocouple 
of the IMR gas analyzer, as well as the temperature indicator on the heating gun. 
The mounted thermocouple was giving accurate reading up to the tested 
temperature of 550oC. 
4.1.2 Maximum Temperature Testing 
The next feature that needs to test in the test rig is the maximum temperature it can 
reach. As mentioned in the previous chapter, the test rig was tested with various 
heating system configurations. The final test rig design was the four circular heating 
coils with K-Type thermocouple and display module. The bomb was heating for 30 
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minutes and then the heaters were switched off, as shown in Figure 36. 
 
Figure 36 - Temperature vs. time testing 
The result shows that the maximum temperature achieved with four heating coils is 
343oC in 30 minutes. This is a huge improvement as compared to the previous tests 
given in chapter 3; i.e. 231oC with two coils. The heating coils were turned off after 
30 minutes and the temperature drop was also recorded. The room temperature 
was 20oC, which shows that the heat loss is gradual. For safe practice, a ceramic 
insulation pad was placed between the bomb and its support stand to avoid 
overheating of the electrical wires. It should be noted that the thermocouple has 
been mounted at the middle of the bomb to be close to the spark location.The 
bomb easily attains the required temperature range and also goes beyond this 
temperature if required in the future. 
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4.1.3 Calibration of Pressure Transducer 
Even though the calibration charts were provided with the pressure sensor, it was 
decided to do the re-calibration to test the proper working of the ordered pressure 
transducer. The calibration was done using a the sensors calibration testing facility 
available at Qatar University, as shown in Figure 37. 
 
Figure 37 - Pressure sensor calibration 
The pressure transducer was calibrated by connecting them with the testing 
machine and a measured amount of pressure was applied. The output signal was 
recorded and compared with the calibration charts provided with the sensors. Both 
the pressure sensors were found to be working perfectly and giving correct readings. 
4.1.4 Setting up the Oscilloscope (DAQ) 
After mounting the pressure transducer using adapter fitting and connecting it to 
the GW-Instek oscilloscope, there was a chance that it will not detect the signal 
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because of faulty mounting position or any installation damage. Therefore, a purge 
pressure from the compressor was given to the test rig to check the proper function 
of the pressure transducer. The pressure transducer reading was found to be in 
conformity with the pressure given from the compressor with a minor error. Also at 
this stage, the oscilloscope data logger settings were adjusted to read the signal 
properly, as shown in Table 4. 
Table 4 - Oscilloscope settings 
Parameters Settings 
Memory Length 25000 
Source CH1 
Vertical Units Volts 
Vertical Scale 2.00E-03 
Vertical Position 1.60E-03 
Horizontal Units Seconds 
Horizontal Scale 1.00E-01 
Horizontal Position 0.00E+00 
Horizontal Mode Roll Mode 
Sampling Period 4.00E-05 
 
Since there is a sudden rise in pressure in this experiment, the time axis in 
oscilloscope reader display was set to 100ms. Also the volt axis was set to 100mV in 
the reader display since the maximum pressure expected in this experiment is 5 bars 
which comes out to be about 450mV approximately, as shown in Figure 38. 
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Figure 38 - Oscilloscope reader display settings 
As seen in the oscilloscope display, the voltage signal for the given purge pressure is 
approximately 120mV which converts to around 20psi (1.4bar) gage pressure. The 
voltage and time data can be extracted from oscilloscope in an MS Excel .CSV file, 
which make the peak pressure calculation simpler. 
Also it can be seen from the reader display that the pressure sensor signal is very 
sensitive and is displaying noise which has to be smoothed out for getting the peak 
value of pressure in later analysis. This was done by normalizing the data points in 
MS Excel, and also by taking the upper envelop values from the data. The detailed 
calculations for leakage testing are given in the next section.  
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4.1.5 Pressure Leakage Testing 
The next step in testing the test rig before experimentation is confirming if there is 
any pressure leakage in the bomb. Since this is a constant volume bomb, so the mass 
of air inside the bomb should remain the same when we heat the test rig from room 
to higher temperatures. With the increase in temperature, the air will expand and 
build pressure inside the bomb. This pressure will be checked by pressure transducer 
and then compared with hand calculations for ideal conditions. 
Calculations for Moles of Air at Room Temperature: 
Volume of Bomb = 0.1374 m3 
Assuming Ideal Gas Case for Constant Volume of Air   
Temperature  =  T = 293.15 K 
Ideal Gas Const. =  R = 8.314 m3Pa/(mol K) 
Volume  =  V = 0.1374 m3 
Pressure  =  P = 101345 Pa (Atmospheric) 
Moles of Air =         nair = (PV) / (RT)   
             nair = 5.713 mol 
This is the moles of air at STP conditions inside the bomb. The moles of air calculated 
at STP and at higher temperatures should be the same because this is a constant 
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volume case. This can be verified by taking the pressure reading by transducer at STP 
and at higher temperatures, and then calculating moles of air based on the pressure 
transducer reading. In this way, the amount of leakage in the bomb can be 
quantified with this analysis. 
For this purpose, all the ports of the bomb were closed and the bomb was heated. 
Three readings for pressure were taken at three different temperatures using 
oscilloscope. The pressure transducer output was in millivolts, which was converted 
to Pascal using the calibration chart provided by the manufacturer. 
The scale on the oscilloscope was set as: 
 Y-Axis: Volts/Div: 500mV 
 X-Axis: Time/Div: 500ms 
The first reading was taken at 20oC (or 293.15 K). The corresponding MS Excel .CSV 
file for oscilloscope reading was used and the voltage signal was converted to 
pressure signal. The pressure transduced gave a range of readings over time. The 
most repeating value (mode) of the pressure was taken from these values. 
 Pressure at 20oC = 75878 Pa   [1st Reading] 
 Pressure at 180oC = 127795.52 Pa [2nd Reading] 
 Pressure at 200oC = 131789.13 Pa [3rd Reading] 
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Now these pressure values were used in the Idea Gas Equation to find out the 
number of moles of air, in an Excel solver, as shown in Figure 39. 
 
Figure 39 – MS Excel solver for moles of air at 20oC, 180oC and 200oC 
The results from this characterization are summarized in Table 5. 
Table 5 - Pressure leakage testing results 
Parameters 
Hand 
Calculations 
Reading 1 
At 20oC 
Reading 2 
At 180oC 
Reading 3 
At 200oC 
Temperature (oC) 20 20 180 200 
Pressure (Pa) 101345 75878 127795.52 131789.13 
Moles of Air (mol) 5.713 4.277 4.66 4.603 
 
It is obvious from the results that the measured value of moles of air inside the 
bomb using pressure transducer is slightly less than the hand calculations. There 
could be two major reasons for this difference: 
 The bomb was assumed to be perfectly sealed constant volume chamber. 
But there is leakage near the fans connection and test rig ports. The leakage 
could result in not building up the pressure perfectly inside the bomb. 
 Error in the calibration of the pressure transducer or slightly higher pressure 
near the pressure pick up point could also result in faulty reading. 
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In any case, one that can be deduced from this experiment is that the number of 
moles of air inside the bomb is almost constant as the temperature is increased from 
20oC to 200oC. The slight variation in this value gives an indication of the amount of 
leakage inside the test rig. Moreover, the actual air to fuel ratio at the moment of 
ignition during the experiment has been measured by the lambda sensor.  
4.2 Final Experimental Procedure 
The proposed experimental procedure was not giving proper ignition of the mixture. 
After conducting the experimental runs with conventional diesel according to the 
proposed procedure, the steps were slightly modified and tried again. The following 
experimental procedure gave the successful ignition for each experimental run: 
 The bomb was flushed with air using a compressor with exhaust port open 
 All the ports were closed and the heaters were switched on 
 The temperature of the bomb was allowed to reach 250oC and held at this 
temperature for 15 minutes 
 The bomb was allowed to reach down to the desired initial temperature of 
190oC for the first experimental run with diesel 
 6.5 mL of conventional diesel was sprayed into the bomb using a sprayer 
through a ball-valve to aim for equivalence ratio of 1.0 
 The electric fans were switched on for approximately 30 seconds. 
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 The fans were switched off and the mixture was left for one and half minute 
to reach a steady equilibrium state and to fully evaporate the fuel 
 At this time, the lambda sensor valve was opened and the oxygen percentage 
was noted down for calculating the actual amount of fuel evaporated and air 
left inside the bomb 
 Before igniting the mixture, the protective cage was closed and it was made 
sure that no fuel bottles or flammable material is kept near the test rig 
 Lastly, the mixture was ignited using the spark ignition coil circuit which was 
operated from a distance 
 The pressure rise signal after igniting the mixture was detected by the 
pressure transducer connected to the oscilloscope 
 The rise in temperature was recorded by the help of thermocouple reader 
 The exhaust port of the bomb was opened and burnt gases were removed by 
flushing the bomb again using air compressor 
 After flushing, the test rig is ready for the next test run 
The same procedure was repeated many times for each conditions to ensure the 
repeatability of the results. Also, it was observed in some test runs that the ignition 
is not occurring after operating the spark coil circuit, especially when aiming at 
getting equivalence ratios away from the stoichiometric conditions. 
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4.3 Fuels Used 
The fuels used in the present study are; conventional diesel, GTL and GTL blends. 
The data sheet for the GTL fuel, supplied by a local company, is given in Appendix D, 
while the basic properties of the tested fuels tested are shown in Table 6. 
Table 6 - Properties of fuels used 
Properties 
Diesel 
[34] 
GTL 
[3], [35] 
50/50 
Blend 
H/C Ratio 2.125 2.1-2.15 2.1-2.125 
Approx. Formula C16H34 C16H34 C16H34 
Density at 15oC (kg/m3) 830 770 792 
Boiling Range (oC) 190-360 160 - 360 165 - 360 
Flash Point (oC) 55 77 71 
Centane No. 55 75 64 
Calorific Value (MJ/kg) 42.9 49.3 46.2 
 
For the blended fuel, the GTL was mixed with conventional diesel with 50/50 (by 
volume) proportions. The properties of the blended fuel were determined by the 
laboratory analysis. The details and results for the diesel, GTL and blended fuel is will 
be discussed in the next chapter of this thesis. 
4.4 Flame Visualization Experiment 
Although the present work relies on the pressure signal for flame speed 
measurement, the developed test rig is also suitable for high speed flame imaging. A 
test run was conducted to verify this by replacing the steel window covers by Quartz 
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glass. Due to unavailability of the high speed imaging system, a normal video camera 
was used with to capture the flame. Figure 40 shows a sequence of photos taken at 
60 frames per second, for GTL ignited at an initial temperature of 175oC. 
 
Figure 40 - Flame visualization 
The first four images shows a blue colored flame spreading evenly towards the 
surface of the chamber. If this increase in flame radius is analyzed numerically, the 
flame speed can be obtained. Also it can be observed from the images that when the 
flame reaches the cylinder walls, the residual fuel droplets get burnt, which appears 
in image sequence number 7 and 8. 
This flame imaging experiment verifies that the desired conditions for proper mixing 
and spreading of flame have been met inside the bomb. This also verifies that the 
flame is spreading evenly from the center of the bomb towards the walls. 
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CHAPTER 5. RESULTS AND DISCUSSION 
This chapter of the thesis discusses the results obtained as a result of experimental 
runs of the combustion bomb test rig. The section starts by explaining the necessary 
calculations required to analyze the data from the pressure sensor and lambda 
sensor. Sample calculations were also explained which showed the steps for 
calculating the equivalence ratio and flame speed from the given raw data and initial 
conditions. Three categories of results were obtained; i.e. test runs using 
conventional diesel, GTL, and a 50/50 blend for conventional diesel and GTL, as well 
as, measuring the flame speeds at different initial temperatures. The first set of 
results for conventional diesel were important to validate the accuracy of the test rig 
and experimental procedure by comparing them with the previous work done on 
diesel fuel. The second set of results are important to fill the knowledge gap in the 
research work regarding the GTL fuel. 
5.1 Conventional Diesel 
The first set of experimental runs were conducted using the conventional diesel as 
test fuel. The initial temperature of the test rig was kept at 190oC. The amount of 
fuel injected in the test rig was approximately 6.5L, to aim at getting an equivalence 
ratio close to 1.0. 
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5.1.1 Pressure Sensor Data Interpretation for Diesel Tests 
The data for the first experimental run using diesel fuel is summarized in Table 7. 
Table 7 - Test details 
Test Details 
Fuel Type Diesel 
Initial Temp (oC) 190 
Initial Pressure (Bar) 1.1 
O2 Sensor Reading (% age): 20.1 
Peak Voltage (mV) 303 
Peak Relative Pressure (psi) 48.57 
Pressure Calibration (mV/psi) 6.239 
Peak Relative Pressure (bar) 3.35 
 
The test details were necessary to record in order to proceed with further 
calculations. The voltage (mV) signal captured by the oscilloscope is saved in the 
.CSV format. The pressure is calculated by converting the signal (mV) from the 
oscilloscope into pressure using the calibration data of the pressure sensor. This 
calculation is fairly simple as explained in chapter 4, and the pressure is obtained by 
multiplying the calibration factor (mV/psi) by the voltage signal (mV). 
Using this calibration factor, the .CSV data file obtained from pressure sensor for the 
full range of signal is converted into pressure using MS Excel and plotted in the form 
of a graph as shown in Figure 41. 
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Figure 41 - Raw signal of pressure 
Note that the original voltage signal had noise, which was smoothed out by 
normalizing the data and then performing an upper envelope extraction to get the 
peak signals. So, the final form of pressure and time curve is shown in Figure 42. 
 
Figure 42 - Pressure vs. time plot for diesel at 180 oC 
This plot of pressure and time is used to obtain the peak pressure, which came out 
to be 3.35 Bar. The flame speed can be calculated from this data but it is essential to 
determine the equivalence ratio at which the ignition took place, as explained next. 
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5.1.2 Equivalence Ratio Calculations for Diesel Tests 
The equivalence ratio shows the condition of the air and fuel mixture, whether it is 
lean, stoichiometric or rich. The equivalence ratio at which, the experiment is taking 
place needs to be calculated for studying the effect of change in equivalence ratio 
on the flame speed. The following steps show the procedure for calculating the 
equivalence ratio from the lambda sensor reading, for the diesel fuel injected in this 
test run. 
The balanced chemical reaction for 1 mol of any Diesel is given by:  
1 C16H34 + 24.5 (O2 + 3.76 N2) –> 16 CO2 + 17 H2O + 92.12 N2 
Mass of Fuel: mfuel   = nfuel x M.Mfuel = 1 x M.Mfuel 
mfuel  = 226 g 
Mass of Air: mair   = [nO2 x M.MO2] + [nN2 x M.MN2] 
mair  = [nO2 x M.MO2] + [nO2 x (79/21) x M.MN2] 
mair  = 3364.67 g   
Air-Fuel Ratio (Stoic): (A/F)stoic  = mair / mfuel = 3364.67 / 226  
(A/F)stoic  = 14.89   
Equivalence Ratio:  Φ  = (A/F)stoic / (A/F)actual    
For (A/F)actual, the actual amount of air and fuel injected in bomb will be considered. 
The reading from lambda sensor is used to estimate the actual amount of air present 
in bomb and the amount of fuel evaporated which is available for combustion. 
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Mass of Air in Bomb (Before injecting fuel): 
Bomb Vol   = Vbomb  = 0.1374 m3 
Air Density @180 oC  = ρ air   = 0.75 kg/m3  
Mass of air in bomb  = mair  = 102.50 g  
Molar Mass of air = mair  = 28.96 g/mol  
Moles of air in bomb = nair  = 3.54 mol     
Mass of Fuel Injected in Bomb:  
Vol-fuel injected = Vfuel  = 6.5 mL    = 0.0000065 m3  
Density Fuel   = ρ fuel = 770000 g/m3  
Mass of Fuel   = mfuel = Vfuel x ρ fuel 
          mfuel = 5.005 g 
Now, the lambda sensor is reading a slightly lower percentage of oxygen after 
injecting fuel, i.e. 19.8% O2. This means that total volume of air in bomb is shared 
with some volume of fuel evaporated inside the bomb after injection. Therefore, the 
actual mass of air and fuel has to be calculated based on lambda sensor reading. 
Actual Mass of Air and Fuel (Corrected by Lambda Sensor): 
Assuming that 19.8% O2 means that 100 moles of Air has 19.8 moles of O2. Now, the 
following calculation is done to get actual mass of air (m-air) for the moles of air in 
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bomb based on lambda sensor reading. 
O2 Sensor Reading  = O2%       = 19.8 %  
Moles of Air in bomb = nair        = 3.54 mol 
Moles of O2 Actual = nO2       = nair x O2% = 0.701 mol 
Mass of Air Actual  = mair actual = nO2 x (M.MO2 + (79/21) x M.MN2) 
        mair actual = 0.701 x (32 + (79/21) x 28) 
        mair actual = 96.260 g 
Density of air  = ρ air       = 0.75 kg/m3 
Vol-Air Actual (after fuel injection) = mair actual x ρ air = 0.129 m3  
Vol-fuel Actual (shared with Air) = Vbomb – Vair actual    
     Vfuel actual  = 0.008 m3    
     mfuel actual  = 6.44 g   
Air-Fuel Ratio Actual:   (A/F)actual = 14.94 g 
Equivalence Ratio:   Φ  = (A/F)stoic / (A/F)actual  = 14.89 / 14.94 
     Φ  = 1.0 
This is the equivalence ratio at which the combustion occurs, which is 1.0. This 
shows that the mixture is at stoichiometric conditions. If this value of less than 1, the 
mixture is lean; and if this value is greater than 1, the mixture is rich. 
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5.1.3 Summary of Results for Equivalence Ratios from Diesel Fuel Tests 
Using the above calculations methodology, an MS Excel calculator is developed 
which can be used to find out the equivalence ratios for different initial conditions in 
each experimental trial. The summary of these calculations is shown in Table 8. 
Table 8 - Equivalence ratio calculations summary - diesel 
O2 % 
Actual 
Mole of 
O2 (mol) 
Actual 
Mass of 
Air (g) 
V-Fuel 
Injected 
(mL) 
m-fuel 
injected 
(g) 
m-fuel 
evap 
(g) 
(A/F) 
Actual 
Φ 
20.4 0.72 99.18 5 3.85 3.43 28.91 0.5 
20.3 0.72 98.69 5.3 4.08 3.93 25.1 0.6 
20.2 0.72 98.2 6 4.62 4.43 22.15 0.7 
20.1 0.71 97.72 6.5 5.01 4.94 19.8 0.8 
19.9 0.7 96.75 8 6.16 5.94 16.29 0.9 
19.8 0.7 96.26 9 6.93 6.44 14.94 1 
19.7 0.7 95.77 9.3 7.16 6.94 13.79 1.1 
19.6 0.69 95.29 10 7.7 7.45 12.8 1.2 
 
Note that a specific volume of fuel has to be injected in the test rig for targeting the 
required equivalence ratio. There were a lot of trials and errors before finding out 
the amount of fuel required for the desired actual amount of evaporated fuel 
available for combustion. As seen in the table, amount of fuel evaporated is slightly 
less than the amount injected. This could be due to the fact that a few fuel droplets 
have condensed and trapped in fuel injection lines or near the crevices of the bomb. 
The MS Excel equivalence ratio calculator sheet is provided in Appendix A. 
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5.1.4 Flame Speed Calculations for Diesel Tests 
The pressure data obtained from the pressure sensor is used for flame speed 
calculation. There are several equations used to this purpose, as mentioned in the 
literature review. In this thesis, the laminar flame speed is calculated from the 
pressure versus time record as proposed by Lewis and Von Elbe [36]. The same 
model has been used earlier in a similar research [35], where the flame speed of 
diesel fuel is compared with Jojoba methyl ester using cylindrical bomb method 
relying on pressure transducer reading for flame speed calculations. The set of 
equations relating the burning velocity to the instantaneous values of the pressure 
are given in Table 9. 
Table 9 - Equations for flame speed calculation [35]  
Main Equation SN = (dri/dt) (ri/rb)^2 (Pi/P)^(1/yu) 
Sub Eq (i) dri/dt = (R/3(Pe-Pi))[(P-Pi)/(Pe-Pi)]^(2/3) (dp/dt) 
Sub Eq (ii) ri = R [(P-Pi/(Pe-Pi)]^(1/3) 
Sub Eq (iii) rb = R [1-(Pi/P)(Tu/Ti)(Pe-P)/(Pe-Pi)] 
Sub Eq (iv) (Tu/Ti) = (P/Pi)^(1/yu) 
 
The values for the parameters mentioned in the equations were taken by direct 
measurements from the instruments installed on the test rig. The individual 
parameters are given in the nomenclature section of the thesis. The MS Excel 
calculator, given in Table 10, shows a sample calculation of the flame speed. 
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Table 10 - Flame speed calculations 
Test Fuel: Diesel at 190oC 
Parameter Symbol (Units) Φ = 1.0 
Radius of Bomb R (m) 0.4 
Pressure - Initial before combustion Pi (Pa) 110000 
Pressure - Equilibrium Burned Gases Pe (Pa) 113000 
Pressure - Peak during combustion P (Pa) 358000 
Temperature - Burnt Gas Tu (K) 484.15 
Temperature - Initial Mixture Ti (K) 454.14 
Slope - Pressure vs. Time Curve (dp/dt) 36.9 
1st Equation dri/dt 0.76 
2nd Equation ri 1.74 
3rd Equation rb 11.1 
4th Equation (p/pi)^(1/γu) 1.07 
Laminar Flame Speed SN (cm/s) 73.58 
 
As seen in Table 10, the initial conditions (parameters) as well as final conditions of 
the test are specific for each test run. Therefore, the calculations for each test run 
had to be done separately. A summary of the results is given in next section and the 
MS Excel flame speed calculator sheet is attached in Appendix B. 
5.3.1 Summary of Results for Flame Speed for Diesel Tests 
The summary of flame speed was calculated for a range of equivalence ratios (from 
0.7 to 1.3) for diesel fuel is given in Table 11. 
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Table 11 - Diesel test results summary 
Test 
# 
Test Conditions Φ 
Max P 
(Bar) 
SN  
(cm/s) 
1 Pure Diesel, Ti=190 oC 0.7 2.29 49.2 
2 Pure Diesel, Ti=190 oC 0.8 2.9 59.82 
3 Pure Diesel, Ti=190 oC 0.9 3.27 67 
4 Pure Diesel, Ti=190 oC 1 3.8 78.33 
5 Pure Diesel, Ti=190 oC 1.1 4.02 83.19 
6 Pure Diesel, Ti=190 oC 1.2 3.95 81.63 
7 Pure Diesel, Ti=190 oC 1.3 3.9 80.34 
 
These results were used to plot the equivalence ratio against the flame speed as 
shown in Figure 43.  
 
Figure 43 - Results for pure diesel (SN vs. Φ) 
It was observed in the diesel tests that the flame speed is relatively low at lean 
mixture (Φ=0.7-0.9), increases and peaks near stoichiometric conditions (Φ=1.0-1.1), 
and decreases at rich mixture (Φ=1.2-1.3). Note that there were multiple 
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experimental runs for the same equivalence ratio before getting the results. This is 
because it was not possible to get ignition each time, especially when aiming for the 
equivalence ratios away from the stoichiometric conditions. This is explained more 
in the repeatability test section next. The trends for variation of flame speed with 
the equivalence ratio for the diesel tests will be used for validation of the 
experimental results in the next section. 
5.2 Validation of Results using Diesel Tests 
The results obtained from the diesel test runs have to be validated, as this is a newly 
developed test rig. The flame speed of diesel fuel, in the present work, was 
measured at various equivalence ratios to compare it with the already established 
data in open literature. Also a series of tests were performed to check the 
repeatability of the experimental results 
5.2.1 Comparison with Existing Work 
For validation purpose, the research work of Chong and Hochgreb [37] was taken 
because this recent work also uses the diesel fuel with similar properties and testing 
environments. But the initial temperature for these tests is 196oC. Therefore, the 
correlation for flame speed variation with temperature, suggested by Radwan et.al 
[35], was used to obtain the values mentioned in literature exactly at 190oC, which is 
the same as the present test conditions. The values from, the previous research and 
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present work, for the flame speed were plotted against a range of equivalence 
ratios, as shown in Figure 44. 
 
Figure 44 - Test rig results validation 
It can be seen that the flame speed values in the present work are following the 
same trend as the existing work. The SN values at all the points are within 1% to 1.5% 
error, except for the SN value at Φ=0.9, where there is a difference of 3 cm/s (4% 
error) between the existing and present work. This could be because of the 
difference in the testing environments. The present work employs a newly designed 
test rig, which can be different in the many forms like; volume of bomb, number of 
crevices, uniform temperature throughout the bomb, and complete evaporation of 
fuel. All these factors can lead to the observed difference in results. 
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5.2.2 Repeatability Test 
In order to confirm the repeatability of results, the test rig was operated at the same 
initial conditions for three days, with two readings per day. Again, the diesel fuel was 
selected for this purpose, which was ignited at Φ=1.1, an initial temperature of 
1900C, and at atmospheric pressure. The corresponding flame speeds for these tests 
were recorded, as given in 
Table 12 - Repeatability test results 
Property 
Measured 
Day 1 Day 2 Day 3 
Mean 
St. 
Dev 
Standard 
Error % 
Test 1 Test 2 Test 1 Test 2 Test 1 Test 2   
Φ 1.09 1.11 1.12 1.10 1.09 1.10 1.10 0.012 1.1% 
SN (cm/s) 83.19 83.47 83.52 82.78 82.93 83.45 83.22 0.311 0.4% 
 
It can be noted that the standard error for the six equivalence ratio (Φ) readings 
over three days is 1.1%, while the standard error for the flame speed (SN) 
measurement is 0.4%. The values indicate a decent repeatability precision for the 
experimental setup. 
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5.3 Pure GTL 
As mentioned in the final experimental procedure, the GTL test runs were 
conducted in the same way as the conventional diesel tests. The equivalence ratio 
calculations were similar in most respects as the H/C ratio for GTL and Diesel fuel 
were approximately the same [5], as shown in Table 6 earlier. The flame speed 
calculations were also the same, as they rely on the pressure signal. The results were 
slightly different as the chemical properties of GTL are different from that of the 
conventional diesel. 
It is important to highlight here that the mixtures for GTL experimental runs were 
much easier to ignite and there was a lot less trials, as compared to the conventional 
diesel. This could be due to the fact that the GTL starts boiling from 160oC while 
conventional diesel starts boiling after 190oC. This could have accounted for less 
effect of wall cooling at the time of fuel injection. Also, it was noted that the exhaust 
gases after evacuating the bomb were colorless. This could be because of close to 
zero Sulphur content in the clean GTL. 
5.3.1 Summary of Results for GTL Tests 
The results for equivalence were obtained from the lambda sensor reading, from an 
equivalence ratio of 0.7 to 1.3. After that, the corresponding flame speed was 
calculated for experimental trial. A summary of the results of the GTL fuel test runs 
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is given in Table 13. 
Table 13 - GTL test results summary 
Test 
# 
Test Conditions Φ 
Max P 
(Bar) 
SN  
(cm/s) 
1 GTL, Ti=190 oC 0.7 2.76 55.1 
2 GTL, Ti=190 oC 0.8 2.9 57.04 
3 GTL, Ti=190 oC 0.9 3.7 71.15 
4 GTL, Ti=190 oC 1 4.3 84.26 
5 GTL, Ti=190 oC 1.1 4.5 88.3 
6 GTL, Ti=190 oC 1.2 4.2 86 
7 GTL, Ti=190 oC 1.3 3.98 79 
 
5.3.2 Effect of Varying the Equivalence Ratio of GTL 
As shown in Table 13, the data for equivalence ratio and flame speed for GTL shows 
that there is a variation in the flame speed when the equivalence ratio is changed. 
Therefore, Figure 45 is plotted to visualize the trends clearly. 
 
Figure 45 - Results of GTL (SN vs. Φ) 
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It can be seen that the flame speed is very low, about 55 cm/s, in lean mixture 
conditions. At stoichiometric conditions, the flame speed peaks to 88.3 cm/s having 
and equivalence ratio of 1.1. Again, in fuel rich conditions, the flame speed gradually 
drops. The trend for rise and drop of the flame speed is found similar to the 
conventional diesel fuel. The actual comparison and discussion for the results of all 
tested fuels is given at the end of this chapter. 
5.3.3 Effect of Varying the Initial Temperature of GTL 
Another sort of investigation was carried out with the GTL fuel, which is varying the 
initial temperature of the mixture. In the literature, it was found that changing the 
initial temperature of the mixture also affect the flame speed of the mixture. 
The equivalence ratio for this study was kept at 1.0. The fuel was ignited at three 
different temperatures, i.e. 190oC, 220oC and 250oC. The corresponding laminar 
flame speed was measured by getting the pressure signal. Table 14 summarizes the 
results obtained from this investigation. 
Table 14 – GTL initial temperature variation 
Test # Test Conditions 
Ti 
(oC) 
SN 
(cm/s) 
1 GTL, Φ = 1.0 190 84.3 
2 GTL, Φ = 1.0 220 87.4 
3 GTL, Φ = 1.0 250 94.2 
It can be seen from the results that the flame speed is increasing with the increase in 
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temperature. Also it is important to highlight the tests conducted at 220oC and 
250oC were successful in the first trial, as the mixture was at higher temperature. 
A similar test was also done for the 50/50 (by volume) blend of GTL and 
conventional diesel, which will be compared with this result at the end of this 
chapter. 
5.4 GTL and Conventional Diesel Blend 
After investigating the GTL, the investigation was further enriched by studying the 
trends for blended fuel. This is because most of the industry is using GTL blended 
with the conventional fuels. The idea is to have the positive characteristics of new 
fuel along with the economy of using the conventional fuel combined together to 
give optimum fuel blend. 
Therefore, the blended fuel investigated was GTL mixed with conventional diesel in 
50%/50% proportions by volume. After preparing and analyzing the blended fuel, 
the experimental test runs were conducted in the same way as the conventional 
diesel and GTL tests. 
It is important to highlight here that the blended fuel mixtures in some trials were 
harder to ignite at 190oC, similar to what was experienced in the experimental runs 
with conventional diesel. But in some trials, the blended fuel ignited in the first 
attempt. This could be due to the fuel separation in the blend. This may result in 
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irregular ignition behavior. The exhaust smoke observed was not as black as the 
conventional diesel but there was a light grey color in the smoke. 
5.4.1 Summary of Results for 50/50 Blend Tests 
The results for equivalence were obtained from the lambda sensor reading, from an 
equivalence ratio of 0.7 to 1.3. After that, the corresponding flame speed was 
calculated for experimental trial. A summary of the results of the blended fuel test 
runs is given in Table 15. 
Table 15 – 50-50 blend results summary 
Test 
# 
Test Conditions Φ 
Max P 
(Bar) 
SN 
(cm/s) 
1 50-50 Blend, Ti=190 oC 0.7 2.42 50.9 
2 50-50 Blend, Ti=190 oC 0.8 2.66 54.02 
3 50-50 Blend, Ti=190 oC 0.9 3.25 65.35 
4 50-50 Blend, Ti=190 oC 1 3.9 80.09 
5 50-50 Blend, Ti=190 oC 1.1 4.15 85.4 
6 50-50 Blend, Ti=190 oC 1.2 4.0 83.1 
7 50-50 Blend, Ti=190 oC 1.3 3.8 77.8 
 
5.4.2 Effect of Varying the Equivalence Ratio 50/50 Blend 
As shown in Table 15, the data for equivalence ratio and flame speed for blended 
fuel shows that there is a variation in the flame speed when the equivalence ratio is 
changed, which can be seen in Figure 46. 
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Figure 46 - Results of 50-50 blend (SN vs. Φ) 
Like the previous two fuels, the flame speed is very low, about 50.9 cm/s, in lean 
mixture conditions. At stoichiometric conditions, the flame speed peaks to 85.4 cm/s 
having and equivalence ratio of 1.1. Again, in fuel rich conditions, the flame speed 
gradually drops. The actual comparison and discussion for the results of all tested 
fuels is given at the end of this chapter. 
5.4.3 Effect of Varying the Initial Temperature of 50/50 Blend 
The test runs with different initial temperatures were also conducted for 50/50 
blend, and the resulting flame speeds were recorded. The test conditions were kept 
similar to the GTL tests in order to make a good comparison between the fuels. The 
results for this investigation are summarized in Table 16. 
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Table 16 – 50-50 blend initial temperature variation 
Test # Test Conditions 
Ti 
(oC) 
SN  
(cm/s) 
1 50-50 Blend, Φ = 1.0 190 80.1 
2 50-50 Blend, Φ = 1.0 220 85.3 
3 50-50 Blend, Φ = 1.0 250 89.7 
, 
It can be seen from the results that the flame speed is increase with the increase in 
temperature. But it is noted that the increase in flame speed is not as much as the 
GTL. The trends will be compared and discussed in the next section. 
5.5 Comparison of Results for the Tested Fuels 
After carrying out individual tests and analyzing the recorded values, a comparison 
between the three tested fuels; i.e. conventional diesel, GTL, and 50/50 blend, is 
necessary in order to establish some relationships and to see the trends. 
5.5.1 Effect of Equivalence Ratio Variation on the Flame Speed 
The first comparison made was comparing the plots for equivalence versus flame 
speed for the three fuels. This is very important study as this can give an idea which 
fuel is performing better and giving the highest flame speed and at certain mixture 
conditions. Therefore, a plot for investigating the effect of changing the equivalence 
ratio on the flame speed, for the three tested fuels is shown in Figure 47. 
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Figure 47 - Conventional Diesel, GTL and 50-50 Blend (SN vs. Φ) 
As seen in the plot, the GTL has the highest flame speed as compared to 
conventional diesel and 50/50 blend, near and at stoichiometric conditions (Φ = 1). 
As the equivalence ratio of mixture gets away from the stoichiometric conditions, 
the flame speed of the GTL gets slightly lower than the conventional diesel. The 
higher flame speed of the GTL could be the result of its higher calorific value as 
compared to both fuels. From this, it can be concluded that the GTL can be a 
potential alternative fuel for applications where the running conditions are near 
stoichiometric and as such, using GTL fuel can give result in higher flame speeds. But 
this is of course, after further investigating the chemical kinetics as well as other 
physical factors into account. 
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The behaviors of 50/50 blend is quite interesting when compared to both pure fuels. 
At lower equivalence ratio, it starts with the lowest flame speed and stays low until 
it approximately equalizes with the conventional diesel at equivalence ratio of 1.0. 
At 1.1, the flame speed is only 2-3 cm/s higher than the conventional diesel. After 
that, the flame speed again drops lower than both fuels. It can be seen that the 
50/50 blend is exhibiting lower flame speed than both fuels away from 
stoichiometric conditions. Near stoichiometric conditions, 50/50 blend is performing 
almost similar to conventional diesel, which is a green signal for industries to use the 
cleaner GTL blended with conventional diesel to improve their emissions. 
For the three tested fuels, excess air is causing flame quenching when the mixture is 
lean which is resulting in lower laminar flame speeds, and excess fuel is causing 
incomplete combustion when the mixture is rich resulting in lower flame speeds. 
5.5.2 Effect of Initial Temperature Variation on the Flame Speed 
The second comparison between the three tested fuels is investigating the effect of 
initial temperature variation on the flame speed. For this, the tests were conducted 
at higher initial temperature of mixture before combustion. A summary of the 
results of these test is shown in Table 17. 
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Table 17 - Effect of initial temperature variation 
Test # Φ 
Ti 
Pure 
Diesel 
GTL 
50-50 
Blend 
(oC) SN (cm/s) SN (cm/s) SN (cm/s) 
1 1 190 78.3 84.3 80.1 
2 1 220 84.7 87.4 85.3 
3 1 250 90.1 94.2 89.7 
 
Also, plot showing the effect of increase in initial temperature is constructed to 
visualize and compare the trends of pure diesel, GTL and blended fuel, as shown in 
Figure 48. 
 
Figure 48 - Effect of changing initial temperature for GTL and 50-50 blend 
It can be observed in the plot that the flame speed is increasing almost linearly with 
the increase in initial temperature of the mixture for all the three tested fuels. This 
linearity behavior has been observed before in similar investigations [35]. This is 
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because at increased temperatures, the rate of reaction is increased resulting in 
higher flame speeds. The following observations can be made from the above 
results. 
 The flame speed is increasing with the increase in temperature in a linear 
behavior. 
 Pure diesel and GTL are exhibiting a similar pattern and the increase in flame 
speed at 250oC, is slightly higher than the increase at previous points. 
 The trend for the 50/50 blend is linear as compared to the trends of other 
two fuels. This might be because of non-uniform mixture or fuel separation 
as this is a blended fuel. In addition, this could be a result of incomplete 
combustion for this specific test value. 
 The tests need to be conducted at even higher temperatures but due to the 
time limitations, this could not be done. 
The above results show that blended GTL with conventional diesel does not affect 
much the laminar flame speed of the diesel fuel at different equivalence ratios and 
initial temperature. However, the laminar flame speed of GTL as a pure fuel is higher 
than those of diesel fuel and 50/50 blends, especially at stoichiometric and slightly 
rich mixtures. This is an interesting finding from this study. The reason behind this 
behavior has to be investigated with chemical kinetics in order to understand how 
the chemical reaction behaves when the 50/50 blended fuel ignites. 
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
In conclusion, this thesis investigates the flame speed of GTL fuel along with its 
blends with conventional diesel, in a newly designed and manufactured cylindrical 
bomb test rig. A detailed justification was presented that being the largest producer 
of GTL products, Qatar should be in the leading position for pioneering the research 
in GTL blended fuel characteristics. Previous research works employing spherical 
bomb technique were reviewed in detail and the new test rig design was developed 
based on their recommendations. 
The proposed test rig for the measurement of GTL fuel blends flame speed is a state 
of the art design and can be used to measure laminar as well as turbulent flame 
speeds. Also, it can employ pressure signal as well as high speed imaging for better 
accuracy in measurement of the flame speeds. A detailed description of steps for the 
design and development of test rig were given. All the measuring instruments and 
calculations involved for getting the final results were also explained. 
Firstly, the conventional diesel fuel was tested for flame speeds at different 
equivalence ratios and it was found within the 1.5% of the values mentioned in the 
literature. Based on the same methodology, the flame speed of GTL and 50/50 blend 
of conventional diesel and GTL was measured in the same test rig, and the following 
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results were obtained for the effect of change in equivalence ratio on flame speed. 
 GTL has highest flame speed near stoichiometric conditions, i.e. 88.3 cm/s at 
Φ=1.1, which is 5 cm/s more than conventional diesel 
 At lean and rich mixtures, the flame speed of GTL is lower than conventional 
diesel, by 2-4 cm/s 
 The 50/50 blend gave a lower flame speed at lean and rich mixture 
conditions as compared to the rest of the fuels 
 The flame speed of 50/50 blend was almost the same (1-3 cm/s higher) as 
that of conventional diesel at stoichiometric conditions 
Another investigation done in this research was to see the effect of increasing the 
initial temperature of the mixture on flame speed, and the results are as follows. 
 The flame speed of conventional diesel, GTL and 50/50 blend is increasing 
with the increase of initial temperature of the mixture 
 The same has been reported in the literature for other alternative fuels, 
which established that GTL and the blended fuel is following regular trends 
It was concluded that the trends obtained are reproducible but the quality of data 
can be further explored by chemical investigations. The GTL fuel can be a potential 
alternative fuel if the application requires higher flame speed near the 
stoichiometric conditions. Also, if the application required conserving conventional 
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diesel and using alternative fuel, 50/50 blend of conventional diesel and GTL shall 
give roughly the exact flame speeds. 
6.2 Recommendations 
The following recommendations are suggested for future works on the developed 
test rig and future experimentations: 
 It is recommended to insulate the steel outer surface of the test rig to ensure 
a steady temperature rise and drop inside the bomb. 
 The fuel injection system of the test rig can be enhanced by using automotive 
fuel injectors. This will ensure proper spraying and atomization of fuel and 
accurate measure of fuel quantities being sprayed. 
 It is recommended to investigate the fuels at different initial pressures and 
higher initial temperatures, but this should be done only after thoroughly 
accessing the test rig for safe operation. 
 Different calculations models can be used to obtain the flame speeds and 
develop new correlations in the future 
 Lastly, the test rig is capable of measuring flame speed by high speed imaging 
and for measuring turbulent flame speeds. This aspect of the test rig can be 
utilized in any future projects as Qatar University. 
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APPENDIX A: MS EXCEL EQUIVALENCE RATIO CALCULATOR 
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APPENDIX B: MS EXCEL FLAME CALCULATOR 
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APPENDIX C: CALIBRATION CERTIFICATES 
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APPENDIX D: GTL MSDS 
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